The process of sperm cryopreservation and thawing not only reduces sperm motility, viability and acrosome integrity but also negatively affects sperm DNA integrity (de Paula et al., 2006; Hammadeh, Askari, Georg, Rosenbaum, & Schmidt, 1999; Isachenko et al., 2004; Said, Gaglani, & Agarwal, 2010; Thomson et al., 2009; Zribi et al., 2010) . The mechanism behind cryodamage may be due to over production of reactive oxygen species (ROS), intracellular ice crystallization, cold shock, osmotic stress (Chatterjee & Gagnon, 2001) , alteration of antioxidant defence systems (Bilodeau, Blanchette, Gagnon, & Sirad, 2011; Lasso, Alvarez, & June, 1994) or combinations of these factors. The over production of ROS such as hydrogen peroxide (H 2 O 2 ), superoxide anions (O 2 − ) and hydroxyl radicals (OH − ) play a critical role in prefertilizing activities of spermatozoa associated with sperm motility, capacitation, acrosome reaction and binding to the zona pellucida (Agarwal et al., 2006) . Naturally, spermatozoa and seminal plasma possess a number of antioxidant systems that scavenge ROS and prevent internal cellular damage (Gadea et al., 2011) . However, the imbalance between the excessive production of ROS and sperm antioxidant activity during processing is a major cause of cryodamage (Ball, 2008; Li et al., 2010) . Many investigators have focused on the use of antioxidants in cryomedia to reduce the adverse effects of ROS on spermatozoa, with variable results (Aitken, 1995; Amidi, Farshad, & Khor, 2010; Bilodeau et al., 2011; Gadea et al., 2011; Kirilova et al., 2015; Taylor, Roberts, Sanders, & Burton, 2009; Yoshimoto, Nakamura, Yamauchi, Muto, & Nakada, 2008) .
While several studies have been performed using synthetic antioxidants in an attempt to improve the cryosurvival of mammalian spermatozoa, there are very limited studies in cryosurvival of spermatozoa after supplementation of naturally occurring antioxidants such as black cumin (Nigella sativa) extracts, oil or constituents in cryomedia. Nigella sativa (family Ranunculaceae), commonly known as black seed or black cumin, is an annual plant that has been traditionally used as a natural remedy for a number of illnesses (Ali & Blunden, 2003) . Notable pharmacological properties such as antioxidative (Takashi et al., 2004) , anti-inflammatory (Houghton, Zarka, de las Heras, & Hoult, 1995) , neuroprotective, anti-ischemic, antiepileptic, immunomodulation (Ali & Blunden, 2003) and anxiolytic effects have been reported for N. sativa extracts or its constituents (Gilhotra & Dhingra, 2011; Hosseinzadeh, Parvardeh, Asl, Sadeghnia, & Ziaee, 2007; Ilhan, Gurel, Armutcu, Kamisli, & Iraz, 2005; Kanter, Coskun, Kalayc, Buyukbas, & Cagavi, 2006) . Many of the pharmacological activities mentioned above have been attributed to quinone constituents in the seed, especially thymoquinone (TQ; Salem, 2005) Thymoquinone has been reported to exhibit antioxidant (Badary, 1999; Badary, Taha, Gamal-el-Din, & Abdel-Wahab, 2003) , neuroprotective, anti-ischemic, anti-inflammatory and chemopreventive effects (Burits & Bucar, 2000; Ostling & Johanson, 1984) . Babazadeh et al. (2012) reported the possible protective effects of N. sativa seed extract and TQ against cell death and DNA damage in PC12 cells under serum/glucose deprivation condition. Moreover, N. sativa oil (NSO) is an exceptionally rich source of antioxidant components; it contains 201 mg/kg TQ, 183 mg/kg α-tocopherol (α-TC) and 60% polyunsaturated fatty acids (Sultan et al., 2009 ). Houghton et al. (1995 reported that the antioxidant activity of NSO and its active constituents protect against the over production of ROS.
Many antioxidant additives have been tested in protocols for cryopreservation of ovine spermatozoa (Bucak & Uysal, 2008; Maia, Bicudo, Sicherle, Rodello, & Gallego, 2010) , but due to their inconsistent results further research in this field is justified. Therefore, this study aimed to investigate the effects of NSO and TQ on total motility, progressive motility, biokinetic characteristics, acrosomal integrity and DNA integrity of cryopreserved ovine spermatozoa.
| MATERIAL S AND ME THODS

| Media and reagents
All chemicals were purchased from Sigma Aldrich (St Louis, MO, USA), unless otherwise stated. The cryomedium contained trizma base 300 mM, d-glucose 27.8 mM, citric acid 94.7 mM, penicillin G 5.8 mg and streptomycin sulfate 5.0 mg with 15% egg yolk and 5% glycerol Evans & Maxwell, 1987) . The osmolarity of the basic cryomedium was 300 mOsmol. Dimethyl sulfoxide (DMSO), peanut agglutinin conjugated with fluorescein isothiocyanate (FITC-PNA), acridine-orange fluorescence dye, TQ and α-TC were also sourced from Sigma Aldrich. N. sativa oil (100%, extracted from seed) was purchased from Lizan Herbal (Dhaka, Bangladesh). As required by the experimental design, NSO, TQ and α-TC were diluted in DMSO, added to the cryomedium the day before semen collection and cryopreservation. All of the sperm aliquots contained a final concentration of approximately 1% DMSO.
| Experimental layout
Several preliminary experiments were conducted under this study to optimize the inclusion levels of NSO and TQ in the cryomedium (data not shown). Based on these results, three experiments were designed to evaluate the effect of different levels of NSO (Experiment I: 0, 10, 100 and 1,000 g/ml), TQ (Experiment II: 0, 1, 10 and 20 g/ml) and their optimum levels (Experiment III: 100 g/ml of NSO, 10 g/ml of TQ and 1 mM of α-TC) on total motility, progressive motility and biokinetic characteristics at different post-thaw incubation periods (0, 2 and 4 hr). Each experiment was repeated four times.
| Animals and semen collection
Ejaculates from three proven fertile Merino rams were collected by artificial vagina according to the procedures approved by the University of Sydney's Animal Ethics Committee. The rams greater than 2 years of age were used for the study. All rams were clinically healthy and free of internal and external parasites. Animals had free access to drinking water, and mineral mixture and additionally supplemented with 0.5 kg of sheep ration (17% CP, 82% TDN on DM basis) per ram per day. Ejaculates were collected thrice a week at 9:00-9:30 a.m. A total of 12 × 3 ejaculates (4 × 3 per month) were evaluated with four replications. After collection of ejaculates, the semen samples were immediately assessed for wave motion (scored on a scale of 0-5), appearance (thick and creamy, milky or watery) and volume. Ejaculates were only accepted for evaluation if they received a wave motion score of ≥3, had a thick and creamy appearance, a volume of 1-2 ml, a sperm concentration of 2 × 10 9 sperm/ml and motility of ≥80%. Ejaculates were pooled to minimize individual variation, and diluted slowly to 4 × 10 8 spermatozoa/ml with the cryomedium containing 5% glycerol Evans & Maxwell, 1987) . Concentration counts were performed on each sperm aliquot using a haemocytometer (Neubauer Improved; Precicolor HBG, Giessen-Lützellinden, Germany) before further extension to a concentration of 2 × 10 8 spermatozoa/ml with the cryomedium containing different levels of NSO, TQ or α-TC according to the experimental layout.
| Cryopreservation and thawing of spermatozoa
The sperm aliquots were chilled to 5°C over 2 hr, whereby they underwent pre-freeze assessment (motility, membrane status and acrosome integrity) and were then cryopreserved as sperm pellets according to the method described by Evans and Maxwell (1987) .
Briefly, hollows were made on a dry ice block and a 200 µl sperm aliquot was placed in the hollow for 6 min, before plunging into liquid nitrogen (−196°C). The pellets were stored in glass tubes submerged in liquid nitrogen until evaluation. After 2 weeks of cryopreservation, pellets were thawed in a water bath (37°C) for 30 s with agitation.
All samples were immediately diluted 1:1 with Tris-citrate-glucose media (without egg yolk and glycerol), adjusted to pH 7.3. Samples were incubated at 37°C and aliquots taken at 0, 2 and 4 hr after incubated for specific evaluation.
| Evaluation of sperm motility and biokinetic characteristics
Sperm aliquots were again diluted (5 μl sperm aliquot + 95 μl media)
to 20 × 10 6 spermatozoa/ml and evaluated for motility and biokinetic 
| Assessment of acrosomal integrity
Sperm acrosome status was evaluated using fluorescein isothiocyanate conjugated to Arachis hypogaea (peanut) (FITC-PNA;
Invitrogen) and PI staining as described by Nagy, Hallap, Johannisson, and Rodriguez-Martinez (2004) . FITC-PNA (120 μg) was added to 1 ml of PBS to prepare staining solution, and then divided into equal aliquots. After filtering, the aliquots (100 μl) were stored at −20°C for further use. The sperm pellet was firstly thawed and diluted 1:3 with
Tris-citrate-glucose media (without egg yolk and glycerol), and then 60 μl of diluted sperm aliquots were mixed with 10 μl of FITC-PNA and 2.5 μl of PI. The sample was gently mixed and incubated at 37°C
in the dark for 20 min. Then, 10 μl of Hancock solution was added to stop sperm movement. A wet mount was made using a 2. 
| Acridine-orange (AO) staining assay
Sperm DNA integrity was assessed using the AO fluorescence method described by Hammadeh, Greiner, Rosenbaum, and Schmidt (2001) . Air-dried slides were fixed overnight in freshly prepared 
| Statistical analysis
The data obtained from this study were analysed with a one-way analysis of variance (ANOVA) followed by Fisher's least significant difference tests (LSD) using the General Linear Model (GLM) procedure of the Statistical Analysis System (SAS Institute Inc., Cary, NC, USA). The data were expressed as the mean ± SEM. Differences were considered significant at p < 0.05.
| RE SULTS
The proportion of tMOT assessed by CASA at 0, 2 and 4 hr of incubation periods are shown in Figure 1 . In Exp. I, the highest (p < 0.05) rate of tMOT was observed up to 4 hr of post-thaw incubation in the spermatozoa cryopreserved with 100 g/ml compared with the other levels of NSO (Exp. I: 0, 10 and 1,000 g/ml).
The sperm aliquots cryopreserved with 10 g/ml of NSO showed higher (p < 0.05) rate of tMOT than the sperm aliquots cryopreserved without NSO (0 g/ml, control) up to 2 hr of post-thaw incubation. But, 1,000 g/ml NSO impaired the rate of tMOT after 2 hr of post-thaw incubation. In Exp. II, the higher (p < 0.05) rates of tMOT up to 4 hr of post-thaw incubation were observed in the spermatozoa cryopreserved with TQ (10 g/ml) than the spermatozoa cryopreserved without TQ. However, the other levels of TQ (1 or 20 g/ml) did not show a significant (p > 0.05) effect on the rate of tMOT. In Exp. III, 100 g/ml of NSO showed greater (p < 0.05) rate of tMOT than either 10 g/ml of TQ or 1 mM of α-TC at 0, 2 or 4 hr of post-thaw incubation. The rates of tMOT in all experiments were higher at the onset of incubation period compared with 2 and 4 hr of incubation.
The proportions of pMOT assessed by CASA at 0, 2 and 4 hr of incubation periods are shown in Figure 2 . In Exp. I, the higher (p < 0.05) rates of pMOT were in the spermatozoa cryopreserved with 10 and 100 g/ml of NSO, compared with the spermatozoa cryopreserved with (1,000 g/ml) or without NSO at all time points of incubation. In Exp. II, the highest rate of pMOT at the onset of incubation period was in the spermatozoa cryopreserved with 10 g/ ml of TQ compared with the other levels (0, 1 or 20 g/ml). There was no significant (p > 0.05) effect on the pMOT at 4 hr of post-thaw F I G U R E 1 Effects of Nigella sativa oil (Exp. I), thymoquinone (Exp. II) and their optimum levels (Exp. III) on total motility (tMOT) of cryopreserved ovine spermatozoa. Each line with error bar represents mean ± SEM value (four replications). Different letter on error bars within the same time point indicate significant differences (p < 0.05) among the groups within the experiment. NSO: Nigella sativa oil; TQ: Thymoquinone; α-TC: α-Tocopherol F I G U R E 2 Effects of Nigella sativa oil (Exp. I), thymoquinone (Exp. II) and their optimum levels (Exp. III) on progressive motility (pMOT) of cryopreserved ovine spermatozoa. Each line with error bar represents mean ± SEM value (four replications). Different letter on error bars within the same time point indicate significant differences (p < 0.05) among the groups within the experiment. NSO: Nigella sativa oil; TQ: Thymoquinone; α-TC: α-Tocopherol incubation. In Exp. III, at the onset of post-thaw incubation, the rate of pMOT were higher (p < 0.05) in the spermatozoa cryopreserved with 100 g/ml of NSO, 10 g/ml of TQ and 1 mM of α-TC than that of the spermatozoa cryopreserved without any supplementation, and the highest rate of pMOT was in the spermatozoa cryopreserved with 100 g/ml of NSO. At 2 hr post-thaw incubation, only 100 g/ml of NSO showed higher (p < 0.05) rate of pMOT compared with the spermatozoa cryopreserved without TQ or α-TC. However, there was no significant (p > 0.05) effect on the rate of pMOT at the 2 hr of post-thaw incubation.
The biokinetic characteristics of ovine spermatozoa cryopre- The VAP of spermatozoa were significantly influenced (p < 0.05)
by 100 g/ml of NSO (Exp. I) and 10 g/ml of TQ (Exp. II), but highest influence was observed when the spermatozoa cryopreserved with 100 g/ml of NSO was compared with 10 g/ml of TQ or 1 mM of α-TC 
| D ISCUSS I ON
Antioxidants are the main defence systems against oxidative stress induced by free radicals (Silva et al., 2011) . In recent years, different types of antioxidants have been used to protect spermatozoa from the deleterious effects of cryopreservation.
Antioxidants can be categorized as enzymatic or non-enzymatic F I G U R E 3 Effects of Nigella sativa oil (Exp. I), thymoquinone (Exp. II) and their optimum levels (Exp. III) on straight-line velocity (VSL, µm/s) of cryopreserved ovine spermatozoa. Each line with error bar represents mean ± SEM value (four replications). Different letter on error bars within the same time point indicate significant differences (p < 0.05) among the groups within the experiment. NSO: Nigella sativaoil; TQ: Thymoquinone; α-TC: α-Tocopherol antioxidants (Kefer, Agarwal, & Sabanegh, 2009 ). Enzymatic antioxidants, also known as natural antioxidants, include glutathione peroxidase, glutathione reductase, superoxide dismutase and catalase (Alvarez & Storey, 1992) which play important role in sperm natural antioxidant defence system (Partyka, Łukaszewicz, & Niżański, 2012; Silva et al., 2011) . Non-enzymatic antioxidants, also known as synthetic antioxidants or dietary supplements, include reduced glutathione, urate, ascorbic acid, α-TC, carotenoids (b-carotene), ubiquinones, taurine and hypotaurine, selenium, zinc (Alvarez & Storey, 1992; Thérond, Auger, Legrand, & Jouannet, 1996) . This is the first study to evaluate the pre-freeze supplementation effects of antioxidants rich NSO on cryosurvival of ovine spermatozoa. The present study showed that the pre-freeze supplementation of NSO to the cryomedium, significantly improved the percentage The positive influence of NSO on semen cryopreservation and cryosurvivability may be attributed to the physiological mechanisms.
Nigella sativa oil acts as an anti-oxidant (Meral, Yener, Kahraman, & Mert, 2001) , as well as a source of calcium, iron, sodium and potassium; these are essential co-factors in various enzyme functions that improve sperm cryosurvivability. Flavonoids, anthocyanins, carotene, isothiocyanates and carotenoids are antioxidant components of N. sativa which can contribute to antioxidant defence and scavenge ROS (Alenzi et al., 2013) . Yeste et al. (2014) stated that reduced glutathione improved boar sperm cryosurvival and fertilizing ability when added to freezing extenders. The effector may act on disulfide bridges which involves a protective effect on the whole nucleoproteinic structure of the sperm head. A similar protective effect on disulfide bridges could be present in the action of both NSO and thymoquinone, and, in fact, results obtained by the acridine orange technique might be related with this effect. Our results demonstrated that NSO and TQ exhibited reduction of DNA fragmentation even more than α-TC, which might be due to antioxidant and anti-apoptotic effects of NSO and TQ. It has been hypothesized that one or more of the following mechanisms might mediate these probable anti-apoptogenic effects of NSO and TQ: antioxidant activity (Mousavi, Tayarani-Najaran, Asghari, & Sadeghnia, 2010) , immunomedulatory action and genoprotective effects (Burits & Bucar, 2000; Rastogi, Feroz, Pandey, Jagtap, & Mishra, 2010; Sethi, Ahn, & Aggarwal, 2008) . According to Burits and Bucar (2000) , NSO protects lipids against free-radical damage. Decreased tissue malondialdehyde, protein carbonyl levels and prevented inhibition of superoxide dismutase, glutathione peroxidase and catalase enzyme activities following experimental spinal cord injury in rats were seen following treatment with N. sativa (Kanter et al., 2006) . It has been shown that TQ inhibits non-enzymatic lipid peroxidation in liposomes (Burits & Bucar, 2000) . Pretreatment with NSO and TQ significantly decreased malondialdehyde level as compared with an ischemic group during global cerebral ischemiareperfusion injury in rat hippocampus (Hosseinzadeh et al., 2007) . Another study also indicated that neuroprotective effects of N. sativa extract and TQ in STZ-induced diabetic rats are attributed to its antioxidant activity (Kanter, 2008) . Mousavi et al. (2010) showed that N. sativa and TQ protect PC12 cells against serum/glucose deprivation-induced cell death through antioxidant mechanisms. Rastogi et al. (2010) reported that the radioprotective ability of ethanolic extract of N. sativa involving prevention of radiation-induced oxidative damage of DNA.
| CON CLUS ION
The pre-freeze supplementation of NSO to extended ovine semen induced remarkable physiological effects on sperm cryosurvivability by improving its motility, biokinetic characteristics, acrosome integrity and DNA integrity. However, these are the preliminary results that need further works including in vivo as well as in vitro fertilization efficiency.
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